A physical retrieval algorithm has been developed for deriving the legacy atmospheric profile (LAP) product from infrared radiances of the Advanced Baseline Imager (ABI) on board the next-generation Geostationary Operational Environmental Satellite (GOES-R) series. In this study, the GOES-R ABI LAP retrieval algorithm is applied to the GOES-13 sounder radiance measurements (termed the GOES-13 LAP retrieval algorithm in this study) for its validation as well as for potential transition of the GOES-13 LAP retrieval algorithm for the operational processing of GOES sounder data. The GOES-13 LAP retrievals are compared with five different truth measurements: radiosonde observation (raob) and microwave radiometer-measured total precipitable water (TPW) at the Atmospheric Radiation Measurement Cloud and Radiation Testbed site, conventional raob, TPW measurements from the global positioning systemintegrated precipitable water NOAA network, and TPW measurements from the Advanced Microwave Scanning Radiometer for Earth Observing System (AMSR-E). The results show that with the GOES-R ABI LAP retrieval algorithm, the GOES-13 sounder provides better water vapor profiles than the National Centers for Environmental Prediction (NCEP) Global Forecast System (GFS) forecast fields at the levels between 300 and 700 hPa. The root-mean-square error (RMSE) and standard deviation (STD) of the GOES-13 sounder TPW are consistently reduced from those of the GFS forecast no matter which measurements are used as the truth. These substantial improvements indicate that the GOES-R ABI LAP retrieval algorithm is well prepared to provide continuity of quality to some of the current GOES sounder products, and the algorithm can be transferred to process the current GOES sounder measurements for operational product generation.
Introduction
The Geostationary Operational Environmental Satellite (GOES) sounders have been observing the continental United States (CONUS) and adjacent ocean area since 1994 at 18 infrared (IR) channels approximately between 3.7 and 14.7 mm, providing quality hourly radiances and derived products (Menzel and Purdom 1994; Menzel et al. 1998; Daniels et al. 2001; Hillger et al. 2003 Hillger et al. , 2010 . The operationally derived products from the GOES sounders include clear-sky radiances, temperature/moisture profiles, total precipitable water (TPW), stability indices, cloud-top pressure, and water vapor tracked winds (Velden et al. 1997; Schmit et al. 2002; Jin et al. 2008; Li et al. 2008 Li et al. , 2009 ). The GOES sounder products have been shown useful for nowcasting and forecasting of weather events (Menzel et al. 1998; Schrab 1998; Li et al. 2008 Li et al. , 2009 ) and monitoring temperature and moisture changes in the preconvective atmospheric environment (Schmit et al. 2002) .
The first of the next-generation GOES series (the GOES-R) is scheduled for launch in 2015 and the Advanced Baseline Imager (ABI) will be the primary instrument on GOES-R for observing Earth's weather and climate (Schmit et al. 2005) . As an imager, the capability of ABI will be significantly improved over that of the current GOES imagers considering that the GOES-R ABI will have finer spatial resolution (2 km for infrared channels) and a faster scan rate (15 min for full disk, plus 5 min for CONUS, and 30 s for mesoscale regions) compared to the current GOES imagers. However, the GOES-R satellite will not carry the Hyperspectral Environmental Suite (HES) dedicated to acquire high spatial and temporal resolution temperature and moisture profiles that are the key to weather forecasting (Schmit et al. 2005) . Instead, showed that ABI, along with a numerical model initial profile, has a similar capability to provide legacy atmospheric temperature and moisture profiles, which could be adequate substitutes for current GOES sounder legacy products. Jin et al. (2008) developed the GOES-R ABI legacy atmospheric profiles (LAP) retrieval algorithm. They tested the algorithm using the European Organisation for the Exploitation of Meteorological Satellites (EUMETSAT)'s Spinning Enhanced Visible and Infrared Imager (SEVIRI) measurements as proxy and concluded that the GOES-R ABI LAP will provide useful legacy products with a quality similar to that of the current GOES sounder product. Xie et al. (2013) evaluated the GOES-R ABI LAP products with the SEVIRI data as a proxy by comparing with in situ measurements obtained over the open ocean from multiple years of the National Oceanic and Atmospheric Administration (NOAA) Aerosols and Ocean Science Expeditions (AEROSE). They found that the GOES-R ABI LAP retrievals agree reasonably well with the AEROSE radiosonde observations and provide improved profiles of temperature and water vapor compared to the National Centers for Environmental Prediction (NCEP) Global Forecast System (GFS) forecast output.
Unlike the earlier validation efforts that used SEVIRI proxy data (e.g., Jin et al. 2008; Xie et al. 2013 ), we use GOES-13 sounder data to validate the algorithm over the relevant coverage area. This change is needed to validate the algorithm performance for mesoscale weather forecasting over CONUS, which is one of the primary applications of the ABI. The sounding retrieval over the Atlantic Ocean region by Xie et al. (2013) is relatively easy because of its homogeneous ocean surface. The CONUS region is generally a more challenging environment because of the complexity of the land surface.
Since the ABI-like atmospheric moisture retrievals (Jin et al. 2008; Xie et al. 2013 ) have proven to be more useful than the temperature retrievals, this study will focus on validation of the moisture and moisture-related products, including moisture profiles, TPW, and the lifted index.
A brief description of the GOES-13 LAP retrieval algorithm and an introduction of the truth data are given in section 2. Section 3 describes the validation results of the GOES-13 LAP products compared with the truth data. The summary and discussion are given in section 4.
2. The GOES-13 LAP retrieval algorithm and the truth data a. The GOES-13 LAP retrieval algorithm
In this study, the GOES-13 LAP retrieval algorithm is defined as the GOES-R ABI LAP retrieval algorithm applied to the GOES-13 sounder measurements, and the retrieval products are called the GOES-13 LAP products.
The physical retrieval algorithm for GOES-13 LAP uses regression-derived temperature/water vapor profiles as the first guess (Jin et al. 2008 (Jin et al. , 2009 . A synthetic regression technique is used to generate the regression coefficients. The radiosonde observation (raob) atmospheric profiles (6280 profiles) are employed from the SeeBor database (Seemann et al. 2003 (Seemann et al. , 2008 within the current GOES satellite coverage: latitudes between 80.46638N and 80.46638S and longitudes between 155.86188W and 5.86188E. This dataset includes surface skin temperature and surface IR emissivities (Seemann et al. 2003 (Seemann et al. , 2008 . The GOES-13 sounder brightness temperatures (BTs) are simulated with the Community Radiative Transfer Model (CRTM version 2.0.2) developed by NOAA's Joint Center for Satellite Data Assimilation (Weng et al. 2005; Chen et al. 2010 Chen et al. , 2012 . The radiosonde temperature/water vapor profiles are predictands, and the simulated GOES-13 sounder 15-channel BTs combined with forecast temperature/water vapor profiles, surface pressure, land/ocean flag, latitude, and month are used as predictors to generate the regression coefficients. The forecast profiles are generated using the raob profiles with the addition of suitable noise. Local zenith angle (between 08 and 808) classification is used to reduce the impacts from the viewing angle.
The regression coefficients are applied to the 15 GOES-13 sounder channels (Table 1 ) and the GFS forecast fields (temperature/water vapor profiles) to provide the first guess, similar to Li et al. (2008) . This regression-based sounding retrieval serves as the first guess for the physical iterations. The 15 GOES-13 sounder channels, from channels 1 (14.7 mm) to 15 (4.45 mm), are used in both the regression process and the physical iterative algorithm (Table 1) . It should be noted that the GOES-13 sounder has several more CO 2 sensitive channels than the ABI.
The NCEP GFS 3-, 6-, and 9-h forecast fields are available every 6 h (0000, 0600, 1200, and 1800 UTC) over the entire globe at a horizontal resolution of 0.58 and 26 vertical levels. They are spatially interpolated to GOES-13 sounder grids and to 101 vertical levels and temporally interpolated to every nominal hour of GOES-13 sounder measurements. When there are multiple GFS forecasts available for a specific nominal hour, the most recent one will be taken.
The GOES-13 LAP physical iterative algorithm derives temperature and water vapor profiles from satellite observed radiances using a one-dimensional variational (1DVAR) iterative technique (Rodgers 1976; Ma et al. 1999; Li et al. 2008) . During iterations, the atmospheric profile in the form of a vector X is adjusted from the first guess X b to minimize a cost function J(X) (Rodgers 1976) . The cost function is defined as follows:
where B is the error covariance matrix of the first guess X b , E is the error covariance matrix of the observation vector, Y m is the measurement, F(X) is the forward radiative transfer operator, and g is the regularization parameter (or smoothing factor) used for solution convergence and stability (Li et al. 2000) . Superscripts T and 21 are the matrix transpose and matrix inverse, respectively. The background error covariance matrix B is calculated based on the differences between the radiosonde dataset and the spatially and temporally collocated GFS forecast products. The matrix E includes the errors of the observed BTs (BT error in the instrument) and the uncertainty of the radiative transfer model. Because of the difficulty in quantifying the correlative errors, only the diagonal element is retained. The cost function poses two conditions on the retrieval: 1) the retrieval is constrained to the first guess, and 2) the calculated BT based on the retrieval is constrained to the observed BT. With Eq.
(1) and the Newtonian method,
the following iterative form is derived:
where dX n 5 X n 2 X b , dY n 5 Y m 2 F(X n ), n is the iteration step, and F 0 is the tangent linear operative (Jacobian) of forward model F. During the physical retrieval iteration, the first guess is modified in a controlled manner to fit the calculated BTs to the GOES-13 observed BTs. More details of the procedure in the GOES-R ABI LAP retrieval algorithm employed in this study can be found in Li et al. (2010) and Jin et al. (2008) .
The main difference in the retrieval algorithms between this study is the radiative transfer model. This study employs the CRTM while Li et al. (2008) used the Pressure-Layer Fast Algorithm for Atmospheric Transmittance (PFAAST). As shown in the cost function given in Eq. (1), a radiative transfer model plays a critical role during the physical retrieval iterations. Jin et al. (2011) showed that the CRTM is better with temperature/moisture retrievals than PFAAST, and the CRTM is superior in brightness temperature simulations especially at 7.3 mm (a moisture channel) than PFAAST. Thus, the use of the CRTM to improve our retrievals in this study may result in some differences relative to the Li et al. (2008) (Stokes and Schwartz 1994) . The ARM CART is the first field measurement site established by U.S. Department of Energy (DOE)'s ARM program. The SGP site was selected as the first ARM field measurement site because of its high variability of weather conditions, large seasonal variability of temperature, moisture and precipitation, spatially homogeneous terrain, and easy accessibility. Since 1992, instrumentation and data processing capabilities have been incrementally added at the ARM CART site. Recently, the ARM CART site has been selected as a site in the Global Climate Observing System (GCOS) Reference Upper-Air Network (GRUAN) to provide long-term, highly accurate measurements of the atmospheric profiles. The 6-hourly raob and 30-s TPW estimates inferred from the microwave radiometer (MWR) at the ARM CART site are used as ground truth in this study because they are considered stable and accurate (Liljegren 1995; Immler et al. 2010) . These data are obtained from the ARM Data Archive for the period from 11 February 2011 to 30 August 2012 (Table 2 ) to match the GOES-13 sounder data. Note that the GOES-13 sounder radiance observations have been available since 11 February 2011. Raob temperature/water vapor profiles have been widely used to evaluate remotely sensed profiles (Fuelberg and Olson 1991; Rao and Fuelberg 1998; Jin et al. 2008) . MWR TPW has been used as the truth data (Schmit et al. 2002 Li et al. 2008; Hanesiak et al. 2010) . The temporal and spatial collocation of the GOES-13 LAP products and the GFS forecast products with the ARM CART site measurements and other truth measurements is described in section 2c. The number of samples selected is the number of the GOES-13 sounder fields of view (FOVs) temporally and spatially collocated with the truth data. The sample sizes are 6338 and 1079 for MWR TPW and raob, respectively (Table 3 ). The location of the ARM CART site is shown in Fig. 1 .
2) CONVENTIONAL RAOB
Of all the conventional raob sites, 59 sites overlap with the GOES-13 sounder over the eastern CONUS (Fig. 1) . The conventional raob temperature/water vapor profiles and TPW integrated from the conventional raob water vapor profile are used for the GOES-13 LAP product validation for the period between 11 February 2011 and 30 August 2012. The sample size is 25 529 (Table 3) .
3) THE GPS TPW MEASUREMENTS
The NOAA ground-based global positioning systemintegrated precipitable water (GPS-IPW) network (Birkenheuer and Gutman 2005) TPW measurement is employed as another independent source of TPW measurement. The GPS TPW measurement is available every 30 min and it is collected for the period from 11 February 2011 to 30 August 2012 from 251 NOAA ground-based GPS-IPW network sites over the eastern CONUS (blue circles in Fig. 1 ). The sample size is 1 010 609 (Table 3) .
4) THE AMSR-E TPW MEASUREMENTS
The ARM CART site measurements, the conventional raobs, and the GPS TPW measurements provide reliable resources for validating the GOES-13 LAP product over land. Such data are not usually available over the ocean. However, microwave radiometer data taken from polar orbiting satellites provide a reliable resource over the ocean (Fetzer et al. 2006; Jin et al. 2008) . The Advanced Microwave Scanning Radiometer for the Earth Observing System (AMSR-E) instrument provided TPW measurements over the ocean at a 24-km horizontal resolution. The selected measurement coverage of AMSR-E is shown in Fig. 1 . The sample size is 3 847 196 (Table 3) . Since AMSR-E ended its operation at 0726 UTC 4 October 2011, the AMSR-E TPW data are collected for the period between 11 February 2011 and 4 October 2011. 
c. Collocation
To compare the GOES-13 LAP products and the GFS forecast products with the truth measurements, the closest GOES-13 sounder FOV to the location of each truth measurement is searched within a 0.28 radius (except AMSR-E) and within a 30-min measurement time difference (Table 2 ). The closest GOES-13 sounder FOV to an AMSR-E FOV is searched within a 10-km radius. MWR-measured TPWs found within 630 min are averaged and used as the truth in this study. Only clear-sky GOES-13 sounder FOVs are considered and the clear sky is determined by the GOES-13 sounder cloud mask based on Schreiner et al. (2001) .
Validation results

a. Temperature/water vapor profile
There are two truth datasets included in this study for temperature/water vapor profile comparison: the raobs at the ARM CART site and the conventional raob sites. ARM raobs have an overall better quality than conventional raobs (Turner et al. 2003 ) and more frequent measurements (4 times a day at the ARM CART site and usually 2 times a day at the conventional raob sites). The conventional raob sites offer a greater geographical distribution. Figure 2 shows the standard deviation (STD) and mean bias (BIAS) of the GOES-13 LAP and the GFS forecast profiles compared with ARM raobs (Figs. 2a, b) and conventional raobs (Figs. 2c,d ). Both the temperature STD and BIAS reveal very small differences (mostly less than 0.1 K) between the retrieval and the GFS forecast against either ARM raobs or conventional raobs (Figs. 2a, c) . The GFS forecast temperature shows excellent quality regarding both STD and BIAS. The BIAS value of the GFS forecast temperature is less than 1 K in magnitude (between 300 and 700 hPa) at both the ARM CART site and the conventional raob sites. These results demonstrate that the GOES-13 LAP retrieval algorithm has difficulty improving the temperature profiles over the GFS forecast despite six CO 2 absorption channels in the troposphere. This is true for all traditional low spectral resolution IR sounders [including the GOES sounder and the High Resolution Infrared Radiation Sounder (HIRS) or imagers with limited sounding capability (including SEVIRI and ABI)]. The main reason for this is the significant progress in assimilating satellite CO 2 channel radiances in the past decades. As a result, the NWP forecast depicts the temperature field quite well, leaving little room for those instruments to provide additional temperature information.
Figures 2b and 2d show the STD and BIAS of the relative humidity profile at the ARM CART site and the conventional raob sites, respectively. Unlike the temperature profile in Figs. 2a and 2c, the retrieval significantly reduces both the relative humidity STD and BIAS from the GFS forecast for the vertical levels between 300 and 700 hPa. The GOES-13 LAP relative humidity STD is well below 15% between 300 hPa and the surface compared with the ARM raob and with the conventional raob. The GOES-13 LAP relative humidity BIAS is well below 18% when compared with both the ARM raob and the conventional raob as the truth. Such moisture information comes from the three GOES-13 sounder water vapor channels (7.4, 7.0, and 6.5 mm; Table 1 ). The ABI has three similar water vapor channels (7.34, 6.95, and 6.19 mm) , but with a much smaller spatial resolution (nadir: 2 km of ABI versus 10 km of GOES-13 sounder). Therefore, it is expected that when the GOES-R ABI LAP is averaged to nominal 10-km spatial resolution, it will provide similar or even better improvement in moisture information over the GFS forecast. Since the GOES-R ABI LAP relative humidity profile requirement (Li et al. 2010 ) is 18% in both accuracy and precision for the levels below 300 hPa, the results shown in Figs. 2b and 2d indicate that the GOES-R ABI LAP humidity profile will meet the requirement. In Jin et al. (2008) , the SEVIRI data are used as a proxy of the ABI data. Even though SEVIRI has only two water vapor channels (6.2 and 7.35 mm), the moisture information has been significantly improved from the background input [European Centre for Medium-Range Weather Forecasts (ECMWF) forecast fields]. L E E E T A L . Reale et al. (2012) showed the statistics of the NCEP GFS 6-h forecast water vapor compared with in situ measurements based on the NOAA Products Validation System (NPROVS). The NCEP GFS 6-h forecast temperature and water vapor were compared with radiosonde measurements. In their study, the BIAS of the water vapor fraction profile is within 620% of the absolute value below 400 hPa, and the BIAS of the temperature profile is within 61 K in absolute value. Compared to their results, the BIAS values of the NCEP GFS forecast temperature and water vapor are within a reasonable range in this study. All these results indicate that the GFS forecast depicts the moisture field less well than the temperature field. Part of the reason for that is the current assimilation technique does not allow optimal utilization of moisture information from satellite radiances; most of the moisture and surface channels (sensitive to moisture in the lower atmosphere) are either abandoned or weight reduced in the assimilation (Collard et al. 2010) .
The sounding retrieval is able to extract additional moisture information compared with the NWP forecast. As shown in , an IR hyperspectral geostationary sounder may provide more accurate atmospheric vertical temperature/moisture information than the current GOES sounder or ABI instrument, which will allow forecasters and numerical prediction models to use a more detailed three-dimensional atmospheric structure. There are five independent TPW measurements used as truth in this study: the MWR-measured TPW at the ARM CART site (MWR TPW), the raob TPW integrated from the raob water vapor profile at the ARM CART site (ARM raob TPW), the raob TPW integrated from the conventional raob water vapor profiles (conventional raob TPW), the GPS-measured TPW (GPS TPW) over the CONUS land area, and the AMSR-Emeasured TPW (AMSR-E TPW) over the eastern CONUS ocean. See Fig. 1 for the locations of these measurements. TPWs integrated from the GOES-13 LAP and the GFS forecast water vapor profiles are compared to these five truth datasets. Table 3 shows the statistics (including RMSE, STD, BIAS, and correlation coefficient) of the TPWs from the GOES-13 LAP retrieval and the GFS forecast compared to the five truths for the period 11 February 2011 through 30 August 2012 (AMSR-E data are collected for the period 11 February 2011 through 4 October 2011). The RMSE and STD values of the GOES-13 LAP TPW are below 2.4 mm, except for raob TPWs at the ARM CART site and the conventional raob sites, and most of the BIAS values are below 0.86 mm in magnitude, except when using ARM raob TPW as the truth. The GOES-R ABI LAP TPW requirements are 1 mm in accuracy and 3 mm in precision (Li et al. 2010) . Again, considering that the ABI instrument has three water vapor channels similar to those on the GOES-13 sounder but with much finer spatial and temporal resolutions, the statistical values in Table 3 suggest the GOES-R ABI LAP TPW will meet the requirements.
The agreement levels are different between the retrieval and the truth measurements in Table 3 due to several possible reasons: 1) the truth TPW measurements have different qualities (i.e., accuracy and precision) (Pacione et al. 2002; Mattioli et al. 2005) ; 2) measurement time lengths are different-the raob is taken over a period of time while others are all instant (snapshot) measurements; and 3) measurement spatial resolutions are different-MWR and raob are point measurements, while the retrieval, GPS, and AMSR-E are over a relatively large area.
After the physical retrieval, all RMSE and STD results are reduced and correlation coefficients are increased from the GFS forecast, no matter which measurement is used as the truth. The minimum reduction of RMSE is 0.16 mm (2.45-2.29 mm) with the GPS TPW as the truth, and the maximum reduction is 0.53 mm (2.89-2.36 mm) with the AMSR-E TPW as the truth. The minimum reduction of STD is 0.19 mm (2.44-2.25 mm) with the GPS TPW as the truth, and the maximum reduction is 0.39 mm (2.42-2.03 mm) with the MWR TPW as the truth. These results indicate the GOES-R ABI LAP algorithm is effective to improve the GFS forecast TPW using the GOES-13 sounder measurements.
TPWs from several independent instruments, such as MWR, GPS, raob, and AMSR-E, have been compared in previous studies (Pacione et al. 2002; Mattioli et al. 2005; Kazumori et al. 2012 ). These comparisons show that TPWs from the independent measurements agree to within 1 mm in accuracy and some instruments are drier (or wetter) than others. Mattioli et al. (2005) compared TPWs from MWR, GPS, and raob at the ARM CART site and showed that the instruments agreed to within 1 mm in TPW STD and the TPW becomes drier (in order from least to most dry: MWR, raob, and GPS). Since a GPS permanent station is operating at the ARM CART site, the GOES-13 LAP TPW statistics compared against TPWs of MWR, raob, and GPS at the ARM CART site should provide results similar to Mattioli et al. (2005) . The GOES-13 LAP TPW BIAS against GPS TPW at the ARM CART site is 1.88 mm (for the same time periods, not shown), indicating that the GPS TPW is drier than the MWR TPW (GOES-13 LAP TPW BIAS of 0.84 mm). The ARM raob TPW is in the middle (GOES-13 LAP TPW BIAS of 1.52 mm). These results agree with Mattioli et al. (2005) . Kazumori et al. (2012) revealed that the AMSR-E TPW is wetter than the TPWs measured by radiosonde and GPS, which is consistent with the negative bias of the GOES-13 LAP TPW against the AMSR-E TPW in Table 3 .
While the GFS forecast TPW is found to be of good quality relative to the truth datasets (i.e., low RMSE, STD, and BIAS errors and high correlation coefficients), the GOES-13 LAP TPW retrievals are found to be superior in most aspects, indicating that the GOES-13 sounder does indeed provide additional moisture information that can improve weather forecasts using current nowcasting and assimilation techniques (e.g., Chen et al. 2008; Liu et al. 2011 ).
1) MONTHLY VARIATION
A reliable algorithm should perform consistently in different months. Figure 3 shows monthly RMSE, STD, BIAS, and the sample size of the GOES-13 LAP TPW and the GFS forecast TPW compared to the five truths. The STD values are large during the summer months (June, July, and August) and small during the winter months (December, January, and February). These results are consistent with those found by Pacione et al. (2002) when comparing independent TPW measurements (MWR, GPS, and raob). Figure 3 depicts that the RMSE and STD found for the GOES-13 LAP retrievals relative to all five truth datasets are consistently lower than those found for the GFS forecast in most months. This suggests that additional moisture information is being extracted from the GOES-13 sounder relative to that found in the GFS forecasts.
Unlike RMSE and STD, which are consistently improved by the GOES-13 LAP algorithm, the TPW BIAS shows mixed results. The monthly variation in the TPW BIAS depends on which truth measurement is selected. If MWR TPW is used as truth, the GOES-13 LAP algorithm improves the BIAS in 10 out of 12 months. When the BIAS is increased, the RMSE could be increased. There are three occasions in Fig. 3 when the RMSE is increased after the retrieval: July with the ARM raob TPW as the truth, as well as February and October with the AMSR-E TPW as the truth. The increased TPW BIAS is the reason for these three exceptions (note that the STD in the GOES-13 LAP TPW is all reduced from the GFS forecast TPW). Dai et al. (2002) showed that the GPS-measured TPW has a diurnal variation with peak mean TPW values appearing during the daytime in the summer over CONUS. The retrieval in this study may not be able to capture the diurnal variation in TPW during the summer months [shown in section 3b(2)]. Dai et al. (1999 Dai et al. ( , 2002 and Wang et al. (2002) suggested likely reasons for the diurnal variation of TPW: 1) surface evapotranspiration, 2) mesoscale low-level horizontal convergence of moisture, 3) large-scale advection, 4) large-scale atmospheric vertical motion, and 5) localized moist convection. Considering that the GOES-13 LAP TPW has a larger BIAS than the NCEP GFS forecast during the daytime in the summer months over land (Fig. 6) , further investigations of these factors are needed to discover why the retrieval quality during that time is affected.
As given in section 2a, two conditions are placed on the retrieval by the cost function (Jin et al. 2008; Li et al. 2010 ): 1) the retrieval is constrained to the first guess, and 2) the calculated BT based on the retrieval is constrained to the observed BT. These conditions suggest the importance of the quality of the background inputs (the GFS forecast temperature/water vapor profiles) and of the quality GOES-13 sounder BT measurements. Remember that the first guess is obtained using the background (the GFS forecast temperature/water vapor profiles) and the GOES-13 sounder BT measurement as predictors through regression. Therefore, the quality of the retrieved TPW may be affected by two possible factors: 1) the quality of the GFS forecast temperature/ water vapor profiles, and 2) the quality of the GOES-13 sounder BT measurement. Figure 4 shows the monthly BIAS of the GFS forecast temperature profile (vertically averaged) and precipitable water (PW) in the lower troposphere at the ARM CART site. PW is calculated in the same way as TPW except that the integration is for the lower troposphere (between the surface and 800 hPa) and the upper troposphere (between 800 and 300 hPa) in Fig. 4 . The averaged BIAS of the GOES-13 LAP temperature profile shows variations similar to the averaged BIAS of the GFS forecast temperature profile for both the upper troposphere and the lower troposphere.
The BIAS of the GOES-13 LAP PW in the upper troposphere is generally reduced from that of the GFS forecast in the upper troposphere, which is clear from Fig. 2b . In July, the BIAS values of both the GFS forecast temperature (20.94 K, vertically averaged) and PW (2.29 mm) below 800 hPa are worse compared with those in other months in Fig. 4 , and the GOES-13 LAP TPW BIAS is 0.95 mm larger than the GFS forecast TPW BIAS causing the retrieved TPW RMSE to be degraded from the GFS forecast TPW RMSE (Fig. 3c) . However, the BIAS value of the retrieval in July in Fig. 3c appears to be normal against the ARM raob TPW. The GOES-13 LAP TPW BIAS shows a consistent and smooth monthly trend (large in summer and small in winter) in Fig. 3c , despite the smaller GFS forecast TPW BIAS in July. This monthly trend of the GOES-13 LAP TPW BIAS is also shown against the MWR TPW and GPS TPW.
In Fig. 4 , it appears that the quality of the GFS forecast temperature/water vapor profiles is more variable in the lower troposphere than in the upper troposphere. Since the GOES-13 LAP algorithm has limited capability to improve the GFS temperature profile and the GOES-13 sounder provides little useful moisture information at levels below about 700 hPa, large errors in the GFS forecast temperature and water vapor profiles cannot be adequately corrected with the LAP algorithm   FIG. 4 . Monthly variation in the BIAS of (a) mean temperature (vertically averaged) and (b) PW for the upper troposphere between 300 and 800 hPa and the lower troposphere below 800 hPa using raob at the ARM CART site as the truth for the period between 11 Feb 2011 and 30 Aug 2012. and the retrieved moisture is likely to have a large bias. To determine the impact of the BIAS of the temperature/ water vapor in the first guess on the retrieval, two separate experiments have been conducted by changing either temperature or water vapor amount (not shown): 1) 0.5-K increase in the GFS forecast temperature below 800 hPa, and 2) 5% decrease in the GFS forecast water vapor below 800 hPa. While the 0.5-K increase in the GFS forecast temperature in the lower troposphere results in the retrieved TPW BIAS increase (0.25 mm in July) from the GOES-13 LAP retrieval, the 5% decrease (or about 1.15 mm decrease of PW in July) in the GFS forecast water vapor in the lower troposphere induces the retrieved TPW BIAS decrease (0.9 mm in July) from the GOES-13 LAP retrieval. Although these experiments reveal that the quality of the background (the GFS forecast fields) affects the physical retrieval quality, similar consistent monthly trends of the GOES-13 LAP TPW BIAS are still observed in the experiments. Since the background inputs (the GFS forecast temperature/water vapor profiles) and the GOES-13 sounder BT measurements are the two main sources of data for the retrieval, the GOES-13 sounder BT calibration needs to be further investigated to discover how it is related to the quality of the GOES-13 LAP retrieval.
2) DIURNAL VARIATION
Geostationary satellites have the advantage of staying over a permanent location on Earth, which makes it possible to observe the same area continuously. This advantage allows investigations in diurnal variation over the observed area. Figure 5 shows the hourly diurnal variations of RMSE, STD, and BIAS; the sample size for TPW calculated from the GOES-13 LAP; and the GFS forecast compared to the five truths. Since the ARM raob, conventional raob, and the AMSR-E observations are not available hourly (see Table 2 ), the statistics are only shown at the hours when they are available. The occasional conventional raob at 0600 and 1800 UTC (147 and 150 samples, respectively) are also included in Fig. 5d .
Most of the time during a 24-h cycle, the GOES-13 LAP retrieval algorithm is effective in reducing TPW RMSE from the GFS forecast in Fig. 5 . However, it appears that the GOES-13 LAP algorithm has more difficulty during the daytime than during the nighttime. During the daytime, there are some exceptions where the retrieved TPW has a larger RMSE than the GFS forecast TPW, such as 1500-1600 UTC in Fig. 5a , 1600-2000 UTC in Fig. 5b , and 1800 UTC in Figs. 5c and 5d. (The local time over CONUS is 4-8 h behind UTC.) When the AMSR-E TPW is used as the truth in Fig. 5e , the GOES-13 LAP algorithm always shows a smaller RMSE than the GFS forecast TPW over all available times. However, the reduction from 1700-2000 UTC is clearly less pronounced than other times. These results indicate that the GOES-13 LAP retrieval algorithm is FIG. 5 . As in Fig. 3 , but for diurnal variation. less efficient at improving the GFS forecast in the daytime. The degraded performance is mainly because of the algorithm's difficulty in improving the TPW BIAS. In Fig. 5 , the GOES-13 LAP TPW BIAS shows a clear diurnal variation over land. The TPW STD, on the other hand, does not show any strong diurnal pattern; the retrieval always shows a smaller TPW STD than the GFS forecast, regardless of which observation or what time is used as the truth. It is postulated that an improved instrument spectral resolution would improve the retrieval quality Sieglaff et al. 2009 ). One reason is that high spectral resolution observations will better allow for determining the surface emissivity.
The GOES-13 LAP TPW BIAS increase during the daytime happens mostly in the summer months (May, June, July, and August), when compared to the truth datasets over the CONUS land. Figure 6 shows the monthly BIAS of the GOES-13 LAP and the GFS forecast TPW at 1600 UTC using the MWR TPW and GPS TPW as the truths and at 1800 UTC using the raob TPWs at the ARM CART site and the conventional raob sites and the AMSR-E TPW as the truths. Figure 7 shows the diurnal BIAS variation in the GFS forecast, the GOES-13 LAP temperature profile (vertically averaged), PW for the upper troposphere (between 300 and 800 hPa), the lower troposphere (below 800 hPa) at the ARM CART site, and the conventional raob sites. Similar to the monthly variation in Fig. 4 , the BIAS of the GOES-13 LAP and the GFS forecast fields show similar variations for both the upper and lower tropospheres. At 1800 UTC (daytime), the BIAS of both the GFS forecast temperature (0.76 K at the conventional raob sites) and PW (1.70 mm at the ARM CART site) below 800 hPa are relatively large compared to other times in Fig. 7 . The GOES-13 LAP PW BIAS in the lower troposphere is increased from the GFS forecast both at the ARM CART site and the conventional raob sites at this time, and thus the GOES-13 LAP TPW BIAS is increased from the GFS forecast at both the ARM CART site and the conventional raob sites in Figs. 5c and 5d.
Two separate experiments have been conducted to examine the impacts of the background inputs (GFS forecast fields) by changing either the temperature or water vapor amount in the lower atmosphere (not shown): 1) a 0.5-K decrease in the GFS forecast temperature below 800 hPa at the conventional raob sites, and 2) a 5% decrease in the GFS forecast water vapor below 800 hPa at the ARM CART site. The second experiment is the same as that of the monthly variation in Fig. 4 . The 0.5-K decrease in the GFS forecast temperature in the lower troposphere results in the retrieved TPW BIAS decrease (0.26 mm at 1800 UTC) from the GOES-13 LAP retrieval, and the 5% decrease (or 0.43 mm decrease in PW at 1800 UTC) in the GFS forecast water vapor in the lower troposphere induces the retrieved TPW BIAS decrease (0.41 mm at 1800 UTC) from the GOES-13 LAP retrieval. From these experiments, it is clear that the background inputs affect the quality of the retrieval. And similar to the monthly variation experiments, the consistent diurnal trend of the GOES-13 LAP TPW BIAS is still observed after the temperature/water vapor BIAS adjustment in the experiments.
The increased BIAS in the GOES-13 LAP TPW at 1800 UTC (and possibly for July in Fig. 4 as well) may be due to the possible calibration issue in observed GOES-13 BTs. Yu and Wu (2013) investigated the diurnal variation in the accuracy of the GOES-13 sounder infrared channels. They compared GOES-13 sounder BT measurements with AIRS and the Infrared Atmospheric Sounding Interferometer (IASI) hyperspectral measurements. Although their study is limited to a short period between 1 November 2011 and 31 December 2011, their results show that there are diurnal variations in the accuracy of the GOES-13 sounder BT measurements in channels 6-8; during the daytime the mean BT difference increases until noon (around 0.4 K warmer than IASI), and during the nighttime the mean BT difference decreases until midnight (around 0.4 K colder than AIRS). These are the three channels responsible for loweratmospheric moisture retrievals. These results indicate that the GOES-13 LAP TPW retrieval might suffer from the radiance bias in the observation. Further investigation is needed to address this issue.
3) COMPARISON WITH THE OPERATIONAL GOES SOUNDER RETRIEVAL ALGORITHMS
In January 2013, the Li et al. (2008) GOES sounder retrieval algorithm replaced the method of Ma et al. (1999) in NOAA operations. Figure 8 shows the statistics (RMSE) for the comparisons of TPW from the GOES-13 LAP, Ma et al. (1999), and Li et al. (2008) algorithms compared with the MWR TPW at the ARM CART site over 3 months between 1 June 2012 and 30 August 2012. Only these 3 months are included because the Li et al. (2008) TPWs became available starting 1 June 2012. The sample size is 715. Figure 8 clearly demonstrates the improvement in the Li et al. (2008) algorithm over Ma et al. (1999) ; the RMSE difference is 0.76 mm in all the 3 months. Moreover, the GOES-13 LAP TPW shows even better results than the Li et al. (2008) algorithm; the mean RMSE difference of the 3 months between the GOES-13 LAP and Li et al. (2008) algorithm is 0.15 mm. These results imply that the GOES-13 ABI LAP retrieval algorithm is superior to both the current and the previous operational GOES sounding algorithms for the time period in consideration. One main difference in the retrieval algorithms between this study is the radiative transfer model. Since the radiative transfer model plays a critical role in the cost function [Eq. (1)], some of the differences found here may be because the current LAP algorithm employs the CRTM rather than the PFAAST that was employed in Li et al. (2008) . CRTM has been found to be superior to PFAAST in brightness temperature calculation (of a moisture channel) because of the usage of the improved atmospheric transmittance model (Chen et al. 2010 (Chen et al. , 2012 , which results in improved retrieval capability (Jin et al. 2011) .
Since products from the GOES sounder using the GOES-13 LAP retrieval algorithm could provide additional information not available with the current operational products, the GOES-13 LAP algorithm will be used to develop real-time GOES sounder products at CIMSS later in 2013 and can be transferred to NOAA operations.
c. The lifted index during the 29 June 2012 derecho
Since the GOES sounder provides measurements with an hourly temporal resolution and a spatial resolution of 10 km, it can be very useful for short-term severe weather forecasting (Menzel et al. 1998; Li et al. 2008) . The lifted index (in Celsius) calculated from the GOES sounder-retrieved atmospheric profiles can be used in severe thunderstorm forecasting to measure the atmospheric instability. Negative (positive) values of the lifted index generally represent unstable (stable) atmospheric conditions. Values between 0 and 23 indicate marginally unstable atmospheric conditions. Values between 23 and 26 indicate moderately unstable conditions. Values between 26 and 29 denote very unstable atmospheric conditions. Values less than 29 signify extreme instability.
A case study using lifted index imagery of the 29 June 2012 derecho over the Midwest and East Coast area is shown in Fig. 9 . This derecho was one of the most destructive and fast-moving severe thunderstorm complexes in North American history. It resulted in 22 deaths, widespread power outages, and damage across the affected region. The storm was initiated as a small thunderstorm cell in Iowa and continued into the midwestern United States and into the mid-Atlantic states. As the storm crossed into Indiana, it became a derecho and wind gusts increased substantially with a welldefined bow echo shape. Around 1900 UTC, when the storm traversed north-central Indiana, a severe thunderstorm watch with high wind probabilities was issued by the Storm Prediction Center (SPC) for large areas of Ohio and West Virginia, along with parts of Indiana and Kentucky. In addition, several tornado warnings and warnings of extreme wind threats were issued over the derecho track. The derecho crossed over the Columbus, Ohio, area at approximately 2100 UTC, with wind gusts reported as 132 km h
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, which is equivalent to a category 1 hurricane. It maintained this intensity until early evening.
In Fig. 9 , lifted index imagery is shown at 2100 UTC in the middle of the derecho track in order to demonstrate the application of the GOES sounding products to severe thunderstorm forecasting. Figure 9 also includes the locations of wind and hail reports by the SPC between 2130 and 2330 UTC during the derecho period while the derecho headed to the southeast. Wind and hail reports are from southeastern Ohio, northwestern West Virginia, and parts of Indiana and Kentucky. The lifted index from the GOES-13 LAP, Li et al. (2008) and Ma et al. (1999) retrievals, and the GFS forecast at 2100 UTC are presented. The GOES-13 LAP and Li et al. (2008) retrievals show extremely unstable areas well matched with the locations where strong winds and hail were reported, while the GFS forecast shows an unstable area over Kentucky and western West Virginia, farther south of the wind and hail report locations. The Ma et al. (1999) retrieval shows weaker instability than the GOES-13 LAP and Li et al. (2008) retrievals over the wind and hail report locations. Note the GOES-13 LAP provides slightly more useful information than Li et al. (2008) by revealing a more unstable environment in the storm region. With the GOES lifted index imagery, forecasters have the ability to identify regions with high instabilities with sufficient lead time prior to the outbreak of severe weather.
Summary
In an effort to evaluate the GOES-R ABI LAP retrieval algorithm, it is applied to the GOES-13 sounder measurements. This study focuses on evaluating the integrated total precipitable water (TPW) as well as the temperature/water vapor profiles. The truth observations include raobs at the ARM CART site and 59 conventional raob sites, the microwave radiometer-measured TPW at the ARM CART site, the GPS-measured TPW at 251 GPS-IPW NOAA network locations over land, and the AMSR-E-measured TPW over the ocean. These truth datasets are collected over the eastern CONUS for the period between 11 February 2011 and 30 August 2012, except AMSR-E, which is collected for the period between 11 February 2011 and 4 October 2011. The GFS forecast, which is used as the background input for the physical retrieval algorithm, is included in the comparison.
The GOES-13 LAP temperature profile shows similar statistics as the GFS forecast temperature profile, when compared with RAOBs at the ARM CART site and at the conventional raob sites. This is because 1) there are only six GOES-13 sounder CO 2 channels sensitive to troposphere temperature used in the algorithm, and 2) the GFS forecast temperature is already good (the RMSE is less than 1 K for the troposphere between 300 and 700 hPa). However, the GOES-13 LAP relative humidity profile RMSE is significantly improved from the GFS forecast RMSE at the vertical levels between 300 and 700 hPa with the help of three water vapor channels in the GOES-13 sounder measurements. These results confirm that the LAP algorithm meets the GOES-R program requirements.
Monthly TPW comparison with five truth datasets shows that the GOES-13 LAP TPW consistently reduces RMSE from the GFS forecast TPW with only a few exceptions (July with the raob TPW at the ARM CART site and February and October with the AMSR-E TPW). Experiments verified that the algorithm is sensitive to the quality of the background (GFS forecast fields in this study). Diurnal TPW comparisons show that most RMSE and all STD values are reduced in the GOES-13 LAP TPW from the GFS forecast TPW. However, during the daytime (especially near 1800 UTC), the RMSE differences between the LAP TPW retrievals over land and those from the GFS were found to be insignificant relative to the truth data. This is likely due to the corresponding increase in the LAP TPW BIAS relative to the GFS owing to issues with the GOES-13 radiance calibration.
Since the GOES satellites observe North America, the GOES-R ABI LAP algorithm should be validated over North America. Note that the GOES sounder is the only real proxy data for the validation over this region that SEVIRI does not cover. This study is the first try with the GOES-R ABI LAP algorithm applied to the current GOES sounder over CONUS. Jin et al. (2008) and Xie et al. (2013) showed that statistical plots of the temperature difference between NCEP GFS (or ECMWF) and the retrieval have similar patterns given that the retrieval depends on the first guess derived through a regression based on NCEP GFS (or ECMWF) forecast data and also showed that the retrievals generally improve the moisture profiles compared to the background (NCEP GFS or ECMWF forecast), which are clearly demonstrated in this study. As revealed that both the current GOES sounder and ABI-like retrievals can provide additional moisture information, Jin et al. (2008) , Xie et al. (2013) , and this study all show that the retrievals, using all the channels of the current GOES sounder or ABI-like channels, work more effectively on moisture rather than on temperature.
From this study, the quality of the GOES-13 LAP products (temperature/water vapor profiles and TPW) is reasonable and stable. The capability of the GOES-R ABI LAP retrieval algorithm revealed in this study and a previous study (Jin et al. 2008) indicates that the GOES-R ABI LAP retrieval algorithm using the GOES-R ABI instrument is well prepared to provide the continuity of the current GOES sounder measurements to make up the gap until any new geostationary advanced infrared sounder is launched.
The GOES-R ABI LAP retrieval algorithm has been applied to MODIS measurements and planned to be launched on the International MODIS/AIRS Processing Package (IMAPP), which is publicly available and accessed from more than 60 countries. The GOES-R ABI LAP retrieval algorithm is also planned to be implemented in the Geostationary Cloud Algorithm Testbed (GEOCAT) for real-time GOES sounder processing.
